Variations in slope, exposure, relief and substrate over a short distance and their influences on plant function are poorly understood. We investigated the influences of soil hydrological characteristics on internal stem structure and hydraulic properties of downy oak (Quercus pubescens Willd.) growing along a hill slope. Increment wood cores were extracted from the base and at breast height (BH) of tree stems. Relative wood water content (W c ) and wood density (D w ) were measured in the sapwood. Wood compression strength (δ) in the longitudinal direction was measured with a fractometer. Thin sections were cut from the transversal face of each core and vessel lumen area (V A ) was measured and xylem theoretical hydraulic conductivity (L th ) estimated over the sapwood. Topsoil volumetric water content (θ v ) was determined around trees and the hydrological behavior of the slope was studied through field surveys. Data were used as input to a hydrological model to simulate topsoil water distribution along the slope.
Introduction
An understanding of variations in slope, exposure, relief and substrate over a short distance and their influence on plant function is of major importance when studying mountain ecosystems (Körner 2003) . Plants growing in hilly and mountainous environments are subject to numerous abiotic stresses, including extreme temperature events, wind storms and substrate mass movement. Perennial woody species must survive these conditions year after year, and adapt to the local climate or perish. Whereas plant responses to weather events have been studied in great detail (see, e.g., Telewski 1995, Nilsen and Orcutt 1996) , the effects of variations in substrate properties, caused by changing weather conditions, and their influence on tree growth and internal structure have been largely neglected until recently (Barrett et al. 1996 , Hacke et al. 2000 , Ponton et al. 2001 , Bucci et al. 2004 , O'Brien et al. 2004 .
Climate and topography are limiting factors for tree growth. Light, temperature and water uptake influence xylem structure, with water supply strongly governing vessel lumen size in hardwood species (Baas et al. 1983 , Corcuera et al. 2004 ). In the Mediterranean region, which is characterized by dry, hot summers and where long dry periods are predicted to occur with increasing frequency (Maracchi et al. 2005) , trees have various mechanisms to survive long droughts, e.g., by storing water in the trunk, crown or root systems (Loustau et al. 1996) . Although such mechanisms have been widely studied at a regional scale, less information exists on how individual trees respond to small local differences in environmental factors, e.g., water availability (Bréda et al. 1993 , Barrett et al. 1996 , Nadler et al. 2003 .
Local differences in water availability are often linked to other factors, e.g., exposure, shading, understory vegetation, physical or chemical properties of the substrate and soil topography, which can also influence tree growth and structure. In a hilly region, a combination of several factors may occur, which although difficult to interpret, represents a natural situation and an opportunity to study plant adaptation mechanisms to physical factors. A major limiting factor to growth on a hill slope in a dry ecosystem, e.g., the Mediterranean, is water availability. In perennial and woody species, not only will growth be affected, but also internal xylem structure.
Variations in xylem structure, e.g., vessel lumen size and wood density are good indicators of stem water storage capacity, water transport efficiency (Meinzer 2003 , Bucci et al. 2004 , hydraulic conductivity and embolism resistance (Hacke et al. 2001) . Therefore, by measuring certain xylem characteristics as well as wood density, information can be obtained about the interaction between tree species and their local environment. Not only will xylem characteristics influence hydraulic architecture, but also wood mechanical strength. Wood density is a good indicator of wood strength (Niklas 1992) . Variations in wood mechanical strength may also indicate how a tree has responded to its local environment. In particular, trees subjected to certain abiotic stresses, e.g., wind, snow or ice, often form anatomically distinct wood with properties differing from those of normal wood (Timell 1986 , Telewski 1995 , Mattheck and Kubler 1995 . If tree and plant growth responses to local conditions, e.g., variations in substrate or abiotic stresses along a hill slope, were better understood, not only would it be possible to optimize irrigation schedules for crops, but it would provide a basis for determining the best species to plant on particular slopes.
We investigated the influences of local slope and soil hydrological characteristics on internal stem structure and hydraulic properties. To minimize effects caused by differences in exposure or other abiotic factors, a short hill slope at an altitude of 580-620 m in a Mediterranean climate was chosen for the study. Increment wood cores were extracted from different positions in trees of the ring-porous species, downy oak (Quercus pubescens Willd.), growing along the slope. Relationships among slope hydrology, relative wood water content (W c ), wood compression strength (δ), total vessel lumen area (V A ) and xylem theoretical hydraulic conductivity (L th ) were determined. Results are discussed in the context of how tree position along a hill slope influences water uptake and internal xylem structure.
Materials and methods

Site description
The study site was located near Trivento in the catchments of the Trigno, (Molise, Italy), on the east side of the central Italian Apennine. The site is situated on a north-facing hill slope, at an altitude of 580-620 m (41°43′ N, 14°33′ E) and is part of a complex of landslides varying in activity (Aucelli et al. 2000 , Di Iorio et al. 2005 . Mean slope angle was 25°and length was 95 m. The parent material in the region consists of Tertiary flysch and molasses deposits of the Molise sequence. At the study site, the molasses consists of marls and limestone with veins of calcite and quartz.
The climate is montane Mediterranean with 656 mm of rain annually and mean temperatures ranging from 22.5°C in summer to 7.1°C in winter with large interannual variations (Di Iorio et al. 2005) . The soils react to the montane Mediterranean climate with high shrinkage and cracks forming to a maximum depth of 1.0 m in the summer. Soil frequently becomes waterlogged during the winter months.
Vegetation Stokes 2002) . We selected downy oak for study because single-stemmed trees grown from seed were available along the hill slope, whereas most of the Turkey oaks had been coppiced in the past and were multi-stemmed. Downy oak trees were 25-30 years old and tree stems were shaded by thick shrubby growth. Mean diameter at 1.3 m (DBH, measured perpendicular to the slope direction) for 45 trees growing along the hill slope was 0.16 ± 0.04 m and tree density was 28 stems ha -1 . The slope topography, geographical position and altitude of each tree on the site were mapped with a geodimeter.
Wood sampling procedure
Trees (n = 8) were chosen randomly at different positions along the slope. Mean DBH was 0.13 ± 0.03 m. Increment cores (5 mm in diameter) were extracted from the stem base (0.2 m above the soil surface) and at 1.3 m (BH) during the morning with a Suunto wood corer. These heights were measured on the side of the stem perpendicular to the slope direction. Two cores were taken at four positions around the tree: upslope (due north), downslope (due south) and perpendicular to the slope direction (due east and west). The two cores taken at each position were 20 mm apart with one core taken above the other. Cores were immediately wrapped in aluminum foil and placed in plastic bags and transported to the laboratory and stored at 4°C. One core from each position was used to estimate relative wood water content, W c , and the second core was used for mechanical testing and anatomical analysis. The age of each tree was determined by counting the number of annual growth rings in one of the cores taken from the tree base. All trees examined in detail were 26 years old.
Slope hydrology
Topsoil volumetric water content, θ v , was determined around 12 trees, including the eight trees chosen for the study of xylem structure. Volumetric soil water content is the ratio between the volume of water present in the soil and the total volume of the sample (e.g., Klute 1987) . Thetaprobes (ML2x, Delta T, Cambridge, U.K.) were inserted into the soil to a depth of 0.12 m, at intervals of 0.5 m from the base of the tree up to a distance of 3.0 m in both the up-and downslope direc- (Topp et al. 1980) were taken at depths between 0.1 and 0.8 m in two soil pits, which allowed us to study soil water dynamics at an hourly time scale, and micro-lysimeter tests were performed to estimate daily soil evaporation. Soil hydraulic properties, e.g., porosity, bulk density and water retention curves were determined in standard laboratory tests (n = 10 for each test). The Van Genuchten-Mualem equation (Van Genuchten 1980) was fitted to the water retention curve to determine the hydraulic parameters of the soil. Furthermore, 23 saturated permeability tests were performed in 10 auger holes using the inversed auger hole method (Kessler and Oosterbaan 1974) .
From the available geometrical, hydrological and hydraulic information of the slope, a 2D unsaturated-saturated hydrological model was developed in Hydrus2D (Šimùnek et al. 1999) to simulate long-term topsoil water distribution along the slope. The slope was modeled as a 6-m deep soil based on detailed topographical information. It was assumed that the soil comprised three layers having the same unsaturated hydraulic parameters but decreasing saturated permeability. Modeling was carried out with a steady-state soil water and groundwater system under monthly changes in rainfall and evaporation. Climate data from the nearest weather station (Campobasso: http://www.meteoam.it) were used as input.
Relative wood water content and density
We measured relative wood water content (W c ) on samples from eight trees by the method described by Phillips et al. (1996) . Within 24 h of extracting the wood cores, W c was measured in the outer 25% of stem wood which corresponded to functional sapwood. Samples 20-mm long were cut from the core and the fresh mass (M f ) of each sample was determined (± 1 mg) before immersing it in distilled water for 3 days. The saturated mass (M s ) of the sample was then measured before drying it in an oven at 80°C for 3 days or until a constant dry mass (M d ) was attained. We calculated W c as:
Wood density (D w ) was calculated as:
where V is volume of the fresh wood sample determined by immersing it in water in a small graduated cylinder and measuring the volume displaced.
Mechanical testing of sapwood
The compression strength (δ) of 20-mm-long samples cut from the outer 25% of cores from eight trees was measured with a portable fractometer (IML GmbH, Wiesloch, Germany, Stokes and Mattheck 1996, Mattheck and Kubler 1995) . The fresh sample was inserted into the fractometer and a pressure applied along the direction of the grain (longitudinal direction) (Figure 1 ). The force required to cause failure in compression was then measured. Compression strength was determined for one end of each 20-mm-long sample only; the other end of the core was used for the microscopic analysis of xylem structure.
Microscopic analysis of vessel lumina
Thin sections (20 µm thick) were cut from the 20-mm-long samples used previously for mechanical testing. Sections were cut in the radial direction with a sliding microtome while the wood was still fresh, therefore these sections were of the transverse wood surface. The thin sections were mounted on glass slides and stained with a solution of phloroglucinol (1,3,5-trihydroxybenzene) in hydrochloric acid, which stains cell wall lignin red (Chaffey 2002) . The phloroglucinol solution was left for 1 min and samples were then washed with distilled water. Coverslips were placed on the sections to protect them. Wood sections were examined with a light microscope at 200× magnification. Photographs were taken of the transverse surface of the water conducting vessels present in each annual growth ring. Total vessel lumen surface area (V A ) was estimated over the whole sapwood (considered as 25% of the xylem radius) with the image analysis software, WinCell (Regent Instruments Inc., Québec, Canada).
Hydraulic conductivity of single vessels
Theoretical assessment of hydraulic conductivity (L th ) was carried out with the Hagen-Poiseuille equation for a single vessel along a radial-transverse sectional area of xylem (Zwieniecki et al. 2001) :
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Figure 1. Diagram of a wood core used to determine compression strength. Each increment wood core was cut into 20-mm-long sections. One end of the section was inserted into a fractometer (Mattheck and Kubler 1995) and a force applied (white arrows) to cause failure in compression. The other end of the sample was sliced into 20-µm thin sections (direction of cutting indicated by solid arrow) and subjected to microscopic analysis. Abbreviations: Tr = the transverse face of the core; and Tg = the tangential face of the core.
where η is viscosity of water (1.002 e -9 MPa s) at 20°C. Mean L th for earlywood vessels was calculated as a fraction of the whole sapwood (considered as 25% of the xylem radius).
Statistical analysis
Because we studied only the sapwood (outer 25% of xylem radius), means for W c , D w , δ, V A and L th were calculated on a sapwood area basis for the statistical analyses. Analysis of variance was used to assess effects in mean soil θ v , and on wood W c , D w , δ, V A and L th in the four positions around the trunk and, when appropriate, at both the base of the stem and at BH (using mean data from all trees). Soil θ v was regressed with relative altitude (in the figures we use 0-40 m to represent the real altitude of 580-620 m for simplicity) and means were calculated based on data from the samples measured around each tree. Means of W c , D w , δ, V A and L th at the tree base and at BH were calculated from the four increment cores taken in each direction. Regressions between mean soil θ v , altitudinal position of each tree and wood W c , D w , δ, V A and L th were made to test if these parameters varied along the hill slope. Analysis of covariance, with appropriate parameters as covariate, was carried out to test for differences in data between the base and BH of the tree stem.
Results
Site characteristics
No significant relationship existed between tree DBH and altitude. On the day that soil θ v was measured, mean θ v along the slope was 0.358 ± 0.051. No significant spatial patterns in topsoil θ v occurred around the trees. However, along the slope as a whole, topsoil θ v decreased significantly with increasing altitude, although this relationship showed considerable scatter (Figure 2 ). Climate data from Campobasso, situated near the field site indicated that no precipitation occurred during the three days preceding the topsoil measurements (http://www. meteoam.it), therefore, the θ v data were unaffected by a recent rain event. The observed groundwater depth was lower at the top of the slope than at the bottom. On well-developed soils, the saturated hydraulic conductivity, averaged over the upper layers of soil (< 1 m), was from 1 × 10 -5 to 2.5 × 10 -5 m s -1
and showed a clear decrease with soil depth. Results from the hydrological model developed in Hydrus2D showed that, with a minimum of assumptions, this model reproduced the topsoil water distribution along the slope adequately as had been observed during the field campaign (Figure 2) . The chosen parameter values had little influence on the trend in topsoil water content with altitude. This trend persists throughout the year as shown in Figure 3 . A peak in topsoil water content at an altitude of 7 m was due to the presence of a small but distinct local terrace with a horizontal extension of > 10 m (Figure 3 ). This discontinuity in slope angle results in a shallower groundwater and translates into higher superficial soil water content. Results from the model also showed that the study slope is liable to waterlogging during periods of prolonged rainfall.
Relative wood water content and density
Mean W c at the base of each tree decreased significantly with increasing altitude (Figure 4a ) whereas at BH, no differences were found along the slope. No differences in W c were found among the cores taken in four directions around the tree either at BH or the stem base. However, mean W c was significantly greater at the stem base (0.71 ± 0.01%) than at BH (0.59 ± 0.02%, F 1,12 = 22.77, P < 0.001). A significant positive relationship was also found between soil θ v along the hill slope and W c measured at the tree base (Table 1) . Values of D w at both stem positions increased significantly with increasing altitude and decreasing soil θ v (Figure 4b , Table 1). No differences in D w were found between the cores taken in four directions around the tree either at or between BH or the stem base. No significant relationship existed between W c and D w either at the base of the tree or at BH.
Mechanical testing of sapwood
Wood compression strength increased significantly with altitude at both the base of the tree and at BH, but was significantly lower at BH (Figure 4c ). There were significant negative relationships between soil θ v and δ measured at the stem and at BH (Table 1) . Compression wood strength was also 760 BARIJ, STOKES, BOGAARD AND VAN BEEK TREE PHYSIOLOGY VOLUME 27, 2007
Figure 2. Effect of increasing altitude along a hill slope on topsoil volumetric water content (θ v ; ᮀ). Although θ v decreased significantly with increasing altitude, the relationship was weak (y = -0.178 + 39.0, r 2 = 0.15, P < 0.001). Mean topsoil θ v (᭜) was calculated around each tree where wood samples were taken and used for subsequent statistical analysis. highly positively regressed with D w at both positions along the tree stem (Figure 5a ). No differences in δ were found among the cores taken in four directions around the tree either at or between BH and the stem base.
Microscopic analysis of vessel lumen surface area
Total V A at both BH and the stem base was negatively regressed with altitude (Figure 4d ), positively regressed with soil θ v (Table 1) , negatively regressed with D w at the stem base only (y = -0.114x + 1.29, R 2 = 0.74, P = 0.013) and negatively regressed with δ (Figure 5b ). No differences in total V A were found among the cores taken in four directions around the tree either at or between BH and the stem base.
Hydraulic conductivity of single vessels
At both BH and the stem base, L th was negatively related with altitude (Figure 4e ), soil θ v (Table 1) Table 1 . Relationships between topsoil volumetric water content (θ v ) and wood relative water content (W c ), wood density (D w ), wood compression strength (δ), total vessel lumen area (V A ) and hydraulic conductivity (L th ) determined at both the base of the tree and at breast height (BH). With increasing θ v , δ decreased significantly at both the base of the tree and at BH and the decrease was significantly greater at the stem base (F 1,11 = 12.66, P = 0.004), and L th decreased significantly at both the base of the tree and at BH and the decrease was significantly greater at the stem base (F 1,11 = 18.36, P < 0.001).
Base of tree Breast height base (y = -2 E-7x + 1 E-5, R 2 = 0.74, P = 0.014) and BH (y = -3 E-7x + 1 E-5, R 2 = 0.77, P = 0.009). No significant relationships existed between L th and W c either at the stem base or at BH. When regressed against altitude and θ v , L th was significantly greater at the stem base compared to BH (Figure 4e , Table 1 ). No differences in L th were found among the cores taken in four directions around the tree.
Regression equation R
Discussion
Xylem structure was significantly influenced by tree position along the slope, probably reflecting the differences in soil water content. The topsoil of the hill slope became drier with altitude, a parameter that was reflected in wood W c , L th and xylem structure. However, topsoil θ v measurements were made on only one day, and give information only about soil water content in the upper 0.12 m of the soil. That these momentary observations are indicative of the availability of water to the trees over longer periods is supported by the measurements of groundwater depths which were greater at the top of the slope than at the bottom. A similar trend was reproduced by a simple model in Hydrus2D. A trend of decreasing soil water content with elevation has also been found in numerous field and modeling studies (e.g., van Asch et al. 2001 , Ridolfi et al. 2003 . Although the trend in soil water distribution along the slope is significant, the experimental setup does not allow us to quantify the temporal trends in soil water content along the study slope.
A significant positive relationship between topsoil θ v and wood W c occurred at the base of the tree stems, but no such relationship existed at BH. O'Brien et al. (2004) found that soil water content had little influence on sap flux in several rain forest tree species, whereas both Nadler et al. (2003) and Bucci et al. (2004) found a significant relationship existed between soil water content and stem sap flux at BH. Our results for D w are consistent with those reported by Bucci et al. (2004) who studied five co-existing savanna species in central Brazil and found that wood density in all species increased linearly with decreasing bulk soil water potential and that total daily transpiration decreased linearly with increasing wood density. Bucci et al. (2004) suggested that wood density is a better indicator of stem storage capacity than saturated water content, because it reflects the biophysical properties of the sapwood related to the efficiency of recharge and utilization of stored water as well as the potential amount of stem water storage. In our study, although xylem L th was significantly related to θ v , no relationships existed between L th and W c , which again suggests that xylem characteristics are better indicators of long-term stem hydraulic behavior than wood water content. A significant negative relationship was found between D w and topsoil θ v along with δ, whereas vessel lumen V A and L th increased with increasing θ v . Wood strength is highly dependent on xylem structure (Mattheck and Kubler 1995) and increased lumen V A would imply a lower percentage of fibers present and thus a lower density compared with wood comprising small vessels (Gartner 1995) .
Stem DBH did not differ significantly with increasing altitude, even though D w increased. Because greater wood density implies increased construction costs, changes in carbon allocation within the tree must have occurred. Tree height and organ biomass were not measured and growth reduction in these parts may have been sources of extra carbon. Leaf area may have been reduced with changes in soil water content, especially if leaf-specific hydraulic conductivity remained stable with altitude, as suggested by the increases in wood density and decreases in L th . Measurements of organ biomass, specific leaf area and hydraulic conductivity of different organs are needed to better understand if trade-offs in resources are occurring within trees growing in different positions along a slope.
It is possible that the differences in xylem structure observed in trees growing along the hill slope were caused by parameters not measured in this study, e.g., mineral nutrition, wind exposure, temperature or sunlight. However, the slope was only 95 m long with a mean gradient of 25°and all trees were similarly exposed. Thus it can be assumed that variations in xylem structure were significantly influenced by water uptake, the top of the slope being drier than further down slope. The increases in D w and δ with altitude were highly significant, with the stronger, denser wood being found in trees at the top of the slope. Therefore, resistance to embolism may be increased in the upslope trees, as is also indicated by the decrease in L th with altitude, but probably at a cost of lower growth rates and reduced sapwood hydraulic efficiency (Stratton et al. 2000) . Such a trade-off would enable trees to achieve greater resistance to certain abiotic mechanical stresses, e.g., wind loading which is often greater at the crest of a slope (Nicoll et al. 2005) , especially during the winter at higher altitudes. Such large differences in xylem structure of trees growing such a short distance apart on a hill slope should therefore be taken into consideration when seeking to improve the mechanical wood properties of hardwood timber species. Wood compression strength and L th were the only xylem characteristics that differed significantly between the stem base and BH when regressed against altitude. Wood compression strength was significantly higher at the base of the tree than at BH and depended on D w , even though the latter did not differ between the stem base and BH when regressed with altitude. Differences in δ could be associated with changes in cell size or number; however, L th was also significantly higher at the stem base. Because L th is a function of earlywood vessel size, this result implies that earlywood vessels were larger at the stem base, therefore another xylem characteristic must exist that affects δ, such as cell wall properties, e.g., the amount of lignin present or the angle of microfibril alignment relative to the cell axis (Mattheck and Kubler 1995) . An increase in δ at the base of the tree would improve resistance to mechanical failure due to wind loading or soil slippage. Mechanical stresses caused by tree movement are often concentrated near the base of a tree (Ancelin et al. 2004 ); therefore, it is possible that the increase in δ is associated with the presence of mechanical stresses, because wood cells often have thicker walls and a modified chemical structure when subjected to mechanical loading (Telewski 1995) .
No significant differences were found in wood water content, xylem structure or strength in the four cardinal directions around the tree, including the up-and downhill directions. In a similar study on cork oak (Quercus suber L.) growing on flat ground in Portugal, Barij et al. (unpublished results) found that earlywood xylem structure, but not water content, differed significantly between the northern and southern sides of 80-year-old trees. Liese and Dadswell (1959) suggested that sunlight and temperature variations acting directly on the tree trunk can affect xylem structure. Therefore, Barij et al. (unpublished results) attributed differences in anatomy to the microclimate around each tree, the effect of which would be accentuated in cork oak, because the bark is harvested frequently, thus exposing the cambium directly to the elements. In our study, the bark of downy oak was relatively thick and, therefore, better insulated the cambial tissue. Nevertheless, in trees growing on hill slopes, stems are often leaning, giving rise to the formation of abnormal wood; i.e., reaction wood (Timell 1986 ). In angiosperms, wood formed in leaning stems is known as tension wood, because it is formed on the side of the tree held in tension during mechanical loading. Tension wood usually has smaller vessel lumena and a higher percentage of fibers than normal wood, therefore decreasing hydraulic conductivity and increasing wood density and strength (Gartner et al. 2003) . However, the trees examined in this study were not leaning, therefore tension wood was probably absent from the outer sapwood that we examined.
Water uptake by trees is governed by the water available to the root system and, in particular, water that is available in the top 0.15 m of soil, where most nutrients are present (Körner 2003) . Shallow root systems are more common in individuals with high wood density (Bucci et al. 2004 ). Di Iorio et al. (2005) examined the root systems of downy oaks at the same site as our study and found that most roots were concentrated in the top 0.6 m of soil. Root systems were also asymmetric, with most first-order lateral roots clustered upslope. Because groundwater levels were low at the top of our study slope, trees growing in this area lacked access to water from deeper soil layers, and thus water uptake by the shallow, asymmetric root systems would depend strongly on water present in the topsoil during the dry summer months, and this would be reflected in stem xylem structure. However, if a shallow water table had been present, or roots had grown deeper, water would have been available throughout the drier months of the year and the differences in xylem structure that we observed might not have occurred.
We found that xylem structure is influenced by local soil hydrological properties along a short gradient. Therefore, when analyzing wood properties of trees growing along a hill slope, or in studies of the influence of altitude on xylem differentiation (Gindl et al. 2001) , it is necessary to take into consideration the slope effect. The differences observed did not influence stem radial growth because DBH did not differ along the slope, indicating that the slope effect on crop yield of woody species will probably be negligible. However, the influence of altitude and presumably soil water content on theoretical xylem hydraulic conductivity, wood density and compression strength was high, and thus is a factor to be taken into account by foresters when planting timber species on slopes. Although we did not examine root system morphology, studies by Di Iorio et al. (2005) showed that asymmetry occurs in downy oak root systems growing along a slope. Such root system asymmetry may also affect water uptake.
